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INTRODUCTION

Historically, high performance aircraft pilots and experienced centrifuge test subjects have
reported a progressive increase in Gravity (G) tolerance when exposed to gravitational forces >1
G several days in a row. The aerospace medical community has named this phenomenon the G
training effect and has incorporated G tolerance training into all acceleration research protocols to
abate any G intolerance which may be attributed to this effect. Conversely, anecdotal evidence
suggests that G layoff may cause a decrease in the G training effect.  Although 50 years of
anecdotal evidence describes the G training phenomenon, there are no quantitative data that
characterize the physiological mechanisms of the G training effect.

The G training effect is an operational issue which begs addressing. Current Air Combat
Command policy for pilots who have been out of the cockpit for an extended period of time is to
perform an undefined number of G warm-up maneuvers prior to using full +9 Gz command
authority during air-to-air combat maneuvering. With the downsizing of the active duty, full-time
Air Force and the increased reliance on Air Force Reserve (part-time) components to fulfill
mission requirements, the need for defining the physiological mechanisms that drive G tolerance
and the time course in which these changes occur becomes an issue of flying safety from an
operational standpoint.

It has been suggested that the G training effect is a conditioned cardiovascular response which
may be driven by changes in venous compliance; i.e., increases in peripheral vascular resistance.
Another theory is that these effects may be the result of a change in baroreceptor sensitivity
secondary to changes in aortic and carotid blood pressure during +Gz acceleration. Both the
venous compliance issues and baroreceptor response mechanisms have been investigated by
Convertino and Tripp (13); a third issue concerning the cerebral hemodynamic response to G
training effect remains.

The main thrust of this investigation was to quantify the accumulative physiological effects of
G training on cerebral hemodynamics using transcranial Doppler (TCD). This investigation
measured middle cerebral blood flow velocities during a squat-stand orthostatic challenge test at 1
G within seven days after centrifuge exposure. Given the importance of the increasing visibility of
women in the modern, high performance, combat aircraft operation, the secondary purpose of this
study was to detect any sex-based differences in cerebrovascular system response after G
exposure. This study is an add-on experiment to an existing indoctrination protocol currently
approved by the Armstrong Laboratory Human Use Review Committee.

BACKGROUND
Transcranial Doppler
For many years, it had been assumed that the cranium was largely impenetrable by ultrasound,

making interrogation of the intracranial circulation seem impossible. Aaslid et al. (3) in 1982,
however, demonstrated this assumption to be incorrect by describing a noninvasive method of




obtaining the blood flow velocities in the major basal cerebral arteries using 2-MHz pulsed
Doppler ultrasound. The technique described subsequently became known as TCD sonography.

Since 1982, the cerebral oximetry technique has been used clinically in neurology and
neurosurgery to assess blood flow velocities of the intracranial arteries (9). TCD sonography is
used for diagnosis and monitoring of vasospasm in the middle cerebral artery (MCA) after
subarachnoid hemorrhage (2), monitoring of the MCA blood flow velocity during carotid
endarterectomy (44), and cardiopulmonary bypass (36). In aerospace medicine, the use of TCD
has included studies of cerebral blood during +Gz acceleration (33, 50), lower-body negative
pressure (8, 16), and correlation with space adaptation syndrome (5).

The TCD technique is based upon measurement of the Doppler frequency shift of reflected
ultrasonic waves after the strike moving red blood cell (9). Each of the cerebral arteries has its
own characteristic TCD waveform, depth, location, and flow direction. The Doppler spectra
obtained from the MCA are characterized by insonation depth of 30 to 60 mm, flow directed
toward the transducer, and mean flow velocities of 55 + 12 cm/sec (39).

Figure l. Diagram of the Zygomatic Arch Area from which Doppler Transducer Signals are
Obtained

Figure 1 illustrates the position of the TCD probe against the zygomatic arch from 1 to 5 cm in

front of the ear. An ultrasonic window in which the signal has maximum amplitude can be found
by searching this region.

Cerebral Hemodynamics

The mechanics of flow in a vascular bed are usually simplified to three concepts:

(1) Perfusion pressure: the pressure differential between the inflow side and the outflow
side.




(2) The resistance to flow.
(3) The resultant flow volume.

In the cerebral circulation, the perfusion pressure is the difference between the arterial blood
pressure (ABP) and the intracranial pressure (ICP) because the venous pressure inside the dura
cannot possibly be lower than the ICP as a result of the collapsible walls of the veins. The venous
sinuses do not collapse completely because of their stiff walls. This is of little help to the
intradural part of the cerebral circulation, and only results in a large energy loss in the vein bridges
leading into the sinuses when the ICP is significantly elevated above the venous pressure in the
jugular veins.

The concept of cerebrovascular resistance (CVR) is sometimes thought of as borrowed from
electrical theory (Ohm’s Law), but the basis for this concept is Poiseuille’s Law for steady laminar
flow in long cylindrical tubes. According to this concept, cerebral blood flow (CBF) at any time
should be given by:

CBF = (ABP - ICP) / CVR = CPP / CVR

Assuming constant CVR (no autoregulation or other factor changing the caliber of the
resistance vessels), flow and pressure are perfectly proportional. For changes in cerebral
perfusion pressure (CPP) so short-lasting that the autoregulation does not react, this theory
assumes that the relationship between pressure and flow would follow exactly the appropriate thin
line in the graph. A 20 percent drop in pressure would lead to a 20 percent drop in flow. This is
the dynamic pressure-flow relationship. In contrast, the static pressure-flow relationship is the
familiar autoregulation curve (35). This allows vascular resistance to change in order to
compensate for variations in perfusion pressure

Cerebral Artery Blood Flow Velocity

The human brain receives blood through defined cerebral artery systems; each system consists
of a cerebral artery with its branches extending down through the level of the capillaries. When
investigating the cerebral circulation, we examine the behavior of the blood flow at certain points
along these transmission lines. However, the various methods examine the blood flow at different
levels. Electromagnetic flow-meter measures the blood flow in precerebral arteries in the neck, in
highly-selected cases also in the basal cerebral arteries (41, 42, 43), while TCD records the blood
velocities in precerebral neck arteries, as well as in the basal cerebral arteries and their main
branches.

In relating blood velocity to blood flow, some expressions need clarification. The blood flow in
an artery is expressed as volume units per time unit. Accordingly, the total cerebral blood flow
(CBF) should be the blood flow in all inflow brain arteries combined. However, because of the
widespread use of indicator methods, the term CBF has usually come to denote the amount of




blood perfusing 100 g of brain tissue per minute. In relating cerebral artery blood velocity to CBF
one must, therefore, clearly distinguish between when blood flow expresses the perfusion per

100 g of brain tissue per minute and when it states the blood flow in defined cerebral artery
system units, as measured with electromagnetic flow meters.

Gender Difference

Women have higher hemispheric CBF than men (30, 48). This small difference in CBF is
reflected in a 3 to 5 percent higher middle cerebral artery velocity (28, 34). The difference in CBF
and velocity has been explained on the basis of a lower hematocrit in premenopausal women (28).
The gender difference in velocity diminished with age in the study of Vriens et al. (52) which is
consistent with this explanation. However, both Adam et al. (4) and Brouwers et al. (10)
reported higher velocities in young females than in young males at a time when no hematocrit
difference exists.

In the latter study (10), young females had slightly higher resting pCO,, but such a pCO,

difference was not found by Vriens et al. (52) in adults. The cause of this small gender difference
in velocity requires further investigation.

Normal Velocity

Normal middle cerebral artery mean velocity (VMCA) varied from 41 + 7 to 94 + 10 cm/sec.
However, most of this variation can be explained by age differences. When the mean velocities
are plotted against age, the gradual decline in velocity with age become apparent. VMCA is
highest at a setting depth of 55 to 60 mm and lowest at 35 to 40 mm using the transtemporal
approach (40).

Indices of Pulsatility

Pulsatility analysis, the investigation of the excursions of the blood velocity waveform during
one cardiac cycle, is commonly used in clinical and scientific work. Unlike the absolute blood
velocity, the pulsatility does not depend on the angle of incidence between the blood flow and the
axis of the ultrasound beam (40).




The most frequently used index is based on the work on peripheral arterial disease by Gosling
and associates (25, 26):

PI=(Vs-Vd)/Vm (PI= pulsatility index; Vs, Vd, Vm = systolic, diastolic, mean velocity,
respectively).

Their index was originally defined as the sum of the energies in the first and subsequent Fourier
harmonics of a velocity waveform, divided by the energy in the zeroth harmonic. This was later
superseded by the similar but simpler pulsatility index, the maximal vertical excursion of the
waveform divided by its mean height (26).

In a defined artery, the shape of the waveform of the blood flow and the blood velocity results
from the interaction of the two variables, the input signal and the local and organ-related factors.

(1) The repeated forward compression wave caused by the cardiac contractions moves at a
velocity of 5 to 8 m/sec in large arteries. This wave propagation velocity is one order of
magnitude larger than the velocity by which the blood constituents are transported. As the wave
travels, the shape of the wave changes. The dissipation of energy in viscous flow tends to
diminish its amplitude.

(2) The incoming waves from the heart become reflected from the peripheral vascular tree.
Reflections are generated wherever the arterial caliber or wall properties change in normal as well
as diseased vascular beds. The reflected waves propagate backward and interact with the next
forward wave(s), increasing the amplitude in some places and decreasing it in others. The
reflections originating distal to a given point of observation are functions of the viscoelastic
properties of the distal vasculature and the resistance to flow (viscous friction) through the
vascular bed. When investigating the behavior of the blood flow with Doppler techniques, the
observer “looks” into a distal system where trains of oscillating pulses propagate.

The input signal and its reflections differ with the point of observation, even when the heart
generates an unchanging train of pressure waves. An observed waveform, therefore, contains
information about the dynamics of the blood flow both proximal and distal to the point of
observation. In the lower aorta, the reflected waves are almost in-phase with the incident waves
and the viscous effects are comparatively small (37). The result is an increasing amplitude. In
smaller arteries, the viscous effects outweigh the effect from reflection and the amplitudes,
therefore, decrease.

The complexity of the vascular system is such that it is very difficult to define its exact state
from the resulting waveforms. Disease and other departures from normality compound these
difficulties. The methods currently used to analyze blood velocity waveforms are based on
observation rather than theory and depend on empirical indices. The initial definition of an index
is, thus, motivated by observation, although some justification may be obtained through simplified
models of blood flow. The interpretation of these indices is.then evaluated statistically in clinical
and experimental settings and correlated with existing parameters. Thus, the framework for the
interpretation of blood velocity waveforms is based on inferences rather than fluid mechanics.



With this understanding, it is important that the methods used to obtain the waveforms and to
calculate the indices be carefully defined.

Normal Pulsatility

An approximate value for normal pulsatility can be derived from the literature. The normal
pulsatility index (PI) usually falls between 0.5 and 1.1. An increase in PI with age has been
reported in patients with cerebrovascular symptoms (31). In a detailed study of PI variability in
normals, Sortgberg et al. (47) found PI to vary between 0.69 and 1.2. Deviations that increase PI
include systemic factors such as: bradycardia, aortic valve incompetence, and/or increases in
vascular resistance distal to the conductance arteries.

Cerebrovascular Autoregulation

The cerebral circulation displays the phenomenon of autoregulation; that is, cerebral blood flow
remains relatively constant despite moderate variations in cerebral perfusion pressure (CPP) (15).
Clearly, there exist upper and lower limits beyond which near-constant flow cannot be maintained
(8). During hypertensive crisis, vessels constrict until maximal constriction is attained trying to
buffer the incoming high systemic pressure. Because further vessel constriction is not possible,
subsequent changes in pressure will produce proportional changes in CBF. If CPP is sufficiently
high, forced dilatation of vessels will occur, further increasing the level of CBF with loss of
cerebral autoregulation and subsequent development of intracranial hemorrhage. Conversely, as
the lower limit of autoregulation is approached (as in presyncope), vessels become maximumly
dilated to allow greater flow in the cerebral capillaries to compensate for decreased systemic
blood flow, causing further decreases in CPP to produce proportional decreases in CBF. Under
each of these circumstances, an approximately linear relationship develops between CPP and CBF
whereby subsequent pressure changes result in significant changes in flow.

There are three candidates for the principle of cerebral autoregulation (40):

(1) Metabolic autoregulation: mediated by the balance between cerebral metabolism and
cerebral blood flow in each local environment.

(2) Myogenic autoregulation: an intrinsic property of vascular smooth muscle that
maintains constant muscle fiber tension; when combined with Laplace’s Law, results in reduced
vessel caliber when transmural pressure increases.

(3) Neurogenic autoregulation: mediated by sympathetic nerve fibers, this would be a
“centralized control.”

All three mechanisms could possibly be controlling blood flow to some extent and it is difficult
to isolate one from the other. Since regulation appears to be local, the metabolic hypothesis
enjoys the most widespread support (6) as the dominant mechanism of autoregulation, at least in
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the normal physiologic state. The key to this system is a strongly vasoactive substance that is
produced in variable amounts depending on the balance between local CBF and the metabolic
activity of the cells. The actual substances that could be involved are being researched and the
results are not yet fully conclusive. The transmitter substance, in turn, acts on the vascular
smooth muscle to restore the balance between supply and demand. One of the amazing facts of
the cerebral autoregulation is its speed of reaction and its effectiveness in counteracting any
change in CBF during perfusion pressure variation. In terms of a metabolic control system, this
means that the potential candidate for transmitter substance must be able to account for this high
performance homeostatic control.

METHODS
Subjects
Participating in this study were 12 adult subjects (6 males and 6 females). All of them were
members of the United States Air Force Armstrong Laboratory Sustained Acceleration Stress
Panel and had previously undergone medical screening and met Air Force Flying Class II Medical

Standards. These were centrifuge naive subjects with no previous exposure to +Gz on the
centrifuge. Table 1 provides an overview of the subjects’ age, height, and weight.

Table 1. Subjects’ Characteristics

SUBJECTS AGE (Years) HEIGHT (Inches) WEIGHT (Pounds)

Female (n=6)

Range 21-35 60.00-69.75 100.00-188.00
Mean 26.27 64.75 137.50

SD 5.05 3.37 32.15

Male (n=6)

Range 22-38 64.00-73.00 145.00-202.00
Mean 274 68.75 168

SD 6.19 3.72 2432

All Subjects (n=12)

Range 21-38 60-73 100-202
Mean 27.00 66.57 151.36

SD 531 3.95 31.74

SD = Standard Deviation




All subjects were briefed on the medical risks associated with this research. Informed consent
was obtained from all subjects prior to their participation. In addition, a briefing addendum was
used for female subjects. This protocol was reviewed and approved by the Armstrong Laboratory
Human Use Review Committee and by the Wright State University Review Board.

Equipment and Facilities
This experiment was conducted at the Armstrong Laboratory, Wright-Patterson Air Force
Base, Dayton, Ohio. Minimum instrumentation included an Eden Medical Equipment (EME)

TCD model TC-64B, Sony closed-circuit video camera and monitor, Panasonic video mixer, and
Panasonic VHS video cassette recorder.

G Exposure

Dvynamic Environment Simulator (DES)

All G exposures were conducted on the Dynamic Environment Simulator (DES) centrifuge
located at Wright-Patterson AFB, Ohio (Figure 2).

Figure 2. Dynamic Environment Simulator

The DES is a three-axis human centrifuge which can generate high sustained G acceleration. It
has a radius of 19 feet to the center of the cab and weighs approximately 180 tons. It is capable
of sustained accelerations up to 20 G in one of three independent axes: X, Y, and Z. Maximum
onset and braking rates are 1 G per second. The DES is controlled by a digital computer and can
be operated automatically by the computer, manually, or by closed-loop. In this experiment the
DES was operated automatically. The cab is a 10-foot diameter spherical gondola in which, in
this experiment, the seat back angle was 30 degrees from vertical. The DES has been in man-
rated operation since 1969.



Centrifuge Run

Table 2. First Three Days of Centrifuge Indoctrination of the Subjects

+Gz PEAK DURATION G SUIT
Day 0 No +Gz exposures
Day 1 2.2 10 sec no
2.8 10 sec no
3.0 10 sec no
33 10 sec no
Day 2 3.0 10 sec no
3.3 10 sec no
3.8 10 sec no
4.0 10 sec no
3.0 180 sec no
Day 3 3.0 10 sec yes
3.6 10 sec yes
4.0 10 sec yes
4.4 10 sec yes
4.6 10 sec yes
52 10 sec no

Total 320 sec = 5.3 minutes

Each subject was exposed to +Gz over three days (Table 2) with approximately seven rest days
between the two exposure days. A minimum rest of one minute was allowed between two
consecutive G plateaus. The time at peak was about 10 seconds and each G exposure lasted for
about 60 to 90 seconds. An anti-G suit was used on Day 3. Each subject was examined by the
medical monitor before and after each acceleration exposure day in the centrifuge.

Squat-Stand Test

Laboratory Setup

A closed-circuit camera was mounted approximately seven feet from the floor and adjusted at
an angle which provided a view of both the subject’s head while standing as well as surrounding
medical monitoring equipment. The TCD, video monitor, video mixer, and video cassette
recorder were placed on a laboratory counter directly across from the video camera. The video



signal from the TCD and of the subject test area were combined by the video mixer, producing a
composite image of real-time cerebral blood flow velocity data and of the subject’s head upon
standing.

Experimental Procedure

The subject entered the laboratory and was seated in a stationary chair. The TCD, video
camera, video mixer, and monitor were powered up for the test. Ultrasonic gel was applied to the
2-MHz ultrasonic transducer and the transducer was resting on the superior aspect of the
zygomatic process adjacent to the opening of the ear canal. The transducer was then manipulated
until a Doppler flow velocity of 65 + 12 cm/sec was acquired. Pressure was applied to the
transducer and the subject was asked to note the area where the transducer was placed. The
investigator then noted the angle of the transducer prior to removing the transducer from the
head. The transducer was then placed into a bracket which was positioned on the head. Once the
Doppler flow signal was re-obtained, the bracket was then secured to the head.

At this point, the instrumentation was complete and the subject was asked to assume a
squatting position for four minutes (Figure 3a). Thirty seconds prior to the end of the four
minutes, data collection was initiated by starting the videotape. At the four-minute point, the
subject was requested to stand erect from the squatting position (Figure 3b). Data collection
continued for an additional 20 to 30 seconds after standing.

(b)

Figure 3. Subject in (2) Squatting Posture and (b) Standing Posture
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Data Collection

The cerebral blood flow velocity data were collected prior to the first training day of G
exposure (Day 0) and again within seven days after each of the G exposure days (Day 1, 2, and
3). The data include sensor-signal depth in millimeters, mean time averaged blood velocity in
centimeters per second, and pulsatility index.

The EME TCD unit that was used did not allow direct input of data into the computer. Asa
result, the cathode ray tube display image was routed from a video output. This was located on
the back panel of the TCD and was merged with the laboratory view from the video camera onto a
split screen by the video special effects generator unit. The combined video camera/TCD screen
were then recorded on a standard VHS video cassette recorder. These screens are illustrated in
Figure 4. After the experiment was completed, the data were manually transcribed from the VHS
videotape into a computer data file for subsequent analysis.

Figure 4. Screen Illustrates Subject’s Posture (Right Side View) and TCD Data

Data Analysis

Because the middle cerebral artery blood flow velocity (VMCA) and pulsatility index (PI) data
from the TCD screen were changed approximately every 4.5 seconds in this study, data from the
last three screens during squatting and the first three screens during standing were used for
analysis. These data were averaged and defined as VMCA-Squat, PI-Squat, VMCA-Stand, and
PI-Stand, respectively.

The percent change of VMCA was defined as (VMCA-Stand - VMCA-Squat) / VMCA-Squat x 100.
The percent change of PI was defined as (PI-Stand - PI-Squat) / PI-Squat x 100.

11



An ANOVA with repeated measures was used to analyze the statistical differences in the effect
of day of G exposure in centrifuge training, according to G-run profile (Table 2). The student’s
t-test was also used for “between gender” comparisons. Statistical significance was defined as
p <0.05. All data analysis was conducted by using Microsoft Excel software.

RESULTS

VMCA-Squat

Table 3. Means and Standard Deviations of VMCA-Squat (cm/s)

GROUP DAY 0 DAY 1 DAY 2 DAY 3
All Mean 54.56 4733 50.56 50.00
SD 10.98 9.69 11.81 11.26
Female Mean 57.33 49.67 55.00 4978
SD '12.64 9.56 12.94 11.15
Male Mean 51.78 45.00 46.11 50.22
SD 9.33 10.11 9.77 12.43

Table 3 shows group averages and standard deviations for all of the subjects (female group and
male group). These group averages are illustrated in Figure 5.

VMCA (cm/s)

Day0 Day 1 Day2 Day3

Figure 5. Means of VMCA-Squat
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Table 4. Summary of ANOVA for VMCA-Squat

SUBJECT F P-VALUE F-CRITICAL
All 2.2067 0.1058 2.8916
Female 1.7646 0.1970 3.2874
Male 1.3312 0.3014 3.2874

ANOVA with repeated measures was used to compare VMCA-Squat among days of G
exposures for all of the subjects (female group and male group). Table 4 shows that there are no
significant changes in VMCA-Squat among days of G exposures for all groups.

VMCA (cm/s)

8 8 8 8 8 3

o

] 1 ]

Day 1 Day 2 Day 3

Figure 6. VMCA-Squat of Female Group and Male Group

VMCA-Squat means are illustrated in Figure 6. To determine if there are any significant
differences between gender, a z-test was accomplished. The p-values at each day of G exposure
are 0.4067, 0.4306, 0.2061, and 0.9493.
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VMCA-Stand

Table 5. Means and Standard Deviations of VMCA-Stand (cm/s)

GROUP DAY 0 DAY 1 DAY 2 DAY 3
All Mean 40.28 35.61 37.06 36.56
SD 9.32 8.03 10.23 7.49
Female Mean 44.78 37.67 40.67 35.78
SD 9.24 8.31 10.46 5.11
Male Mean 35.78 33.56 33.44 37.33
SD 7.56 7.92 9.46 9.79

Table 5 shows group averages and standard deviations for all of the subjects (female group and
male group). These group averages are illustrated in Figure 7.
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Figure 7. Means of VMCA-Stand
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Table 6. Summary of ANOVA for VMCA-Stand

SUBJECT F P-VALUE F-CRITICAL
All 1.1628 0.3386 2.8916
Female 3.3984 0.0456 3.2874
Male 0.3975 0.7567 3.2874

ANOVA with repeated measures was used to compare VMCA-Stand among days of G
exposures for all of the subjects (female group and male group). Table 6 demonstrates the
significant differences among days of G exposures in the female group.
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Figure 8. VMCA-Stand of Female Group and Male Group

Figure 8 illustrates VMCA-Stand group averages for males and females at each day of G
exposure. The p-values derived from the #-test for this gender comparison are 0.4010, 0.4010,
0.2383, and 0.7372.
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Percent Change of VMCA

Table 7. Means and Standard Deviations of Percent Change of VMCA

GROUP DAY 0 DAY 1 DAY 2 DAY 3
All Mean -25.55 -24.76 -26.44 -25.91
SD 12.35 6.36 12.10 11.77
Female Mean -20.45 -24.06 -24.24 -26.06
SD 13.73 8.16 14.49 14.63
Male Mean -30.66 -25.45 -27.65 -25.77
SD 9.19 4.60 10.43 9.53

Table 7 shows group averages and standard deviations for all of the subjects (female group and
male group). These group averages are illustrated in Figure 9.

% Change of VMCA
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Figure 9. Means of Percent Change of VMCA

Table 8. Summary of ANOVA for Percent Change of VMCA

SUBJECT F P-VALUE F-CRITICAL
All 0.0944 0.9626 2.8916
Female 0.5040 0.6853 3.2874
Male 0.9170 0.4309 4.1028
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ANOVA with repeated measures was used to compare percent change of VMCA
among days of G exposures for all of the subjects (female group and male group). As seenin
Table 8, no significant changes among days of G exposures are noted in all groups.
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Figure 10. Percent Change of VMCA of Female Group and Male Group

When the two gender groups were compared using #-test, the p-values at each day of G
exposure are 0.161, 0.724, 0.748, and 0.968.

PI-Squat

Table 9. Means and Standard Deviations of PI-Squat

GROUP DAY 0 DAY 1 DAY 2 DAY
All Mean 0.9192 1.2428 1.2086 1.2872
SD 0.2877 0.6236 0.7782 0.5905
Female Mean 0.9833 1.4039 1.0928 1.4978
SD 0.4023 0.8174 0.2243 0.7969
Male Mean 0.8550 1.0817 1.3244 1.0767
SD 0.1020 0.3535 1.1179 0.1598

Table 9 shows group averages and standard deviations for all of the subjects (female group and

male group). These group averages are illustrated in Figure 11.
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Figure 11. Means of PI-Squat

Table 10. Summary of ANOVA for PI-Squat

SUBJECT F P-VALUE F-CRITICAL
All 0.8911 0.4560 2.8916
Female 0.9207 0.4547 3.2873
Male 0.5801 0.6371 3.2873

ANOVA with repeated measures was used to compare PI-Squat among days of G exposures
for all of the subjects. No significant differences are noted in all groups (Table 10).
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Figure 12. PI-Squat of Female Group and Male Group
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Figure 12 illustrates PI-Squat group averages for males and females. For statistical analysis, #-
test was used. The p-values at each day of G exposure are 0.462, 0.3963, 0.6294, and 0.2331.

PI-Stand

Table 11. Means and Standard Deviations of PI-Stand

GROUP DAY 0 DAY 1 DAY 2 DAY 3
All Mean 1.58 1.85 221 1.71
SD 0.44 0.97 1.14 0.35
Female Mean 1.52 1.98 2.19 1.78
SD 0.50 1.40 0.88 0.42
Male Mean 1.63 1.73 2.23 1.64
SD 0.42 0.26 1.44 0.30

Table 11 shows group averages and standard deviations for all of the subjects (female group
and male group). These group averages are illustrated in Figure 13.
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Figure 13. Means of PI-Stand
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Table 12. Summary of ANOVA for PI-Stand

SUBJECT F P-VALUE F-CRITICAL
All 1.3778 0.2667 2.8916
Female 0.6456 0.5977 3.2874
Male 0.7508 0.5387 3.2874

ANOVA with repeated measures was used to compare PI-Stand among days of G exposures
for all of the subjects (female group and male group) (Table 12). No significant changes among
days of G exposures are noted in all groups.
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Figure 14. PI-Stand of Female Group and Male Group
PI-Stand group averages for males and females at each day of G exposure are illustrated in

Figure 14. The p-values derived for this gender comparison are 0.6723, 0.6723, 0.9486, and
0.5325.
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Percent Change of PI

Table 13. Means and Standard Deviations of Percent Change of PI

GROUP DAY 0 DAY 1 DAY 2 DAY 3
All Mean 76.81 52.84 93.42 58.75
SD 44.18 34.40 60.76 65.46
Female Mean 61.19 37.83 104.91 4471
SD 38.59 24.63 80.20 68.06
Male Mean 92.42 67.85 81.93 72.79

Table 13 shows group averages and standard deviations for all of the subjects (female group
and male group). These group averages are illustrated in Figure 15.
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Figure 15. Means of Percent Change of PI
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Table 14. Summary of ANOVA for Percent Change of PI

SUBJECT F P-VALUE F-CRITICAL
All 1.6594 0.1947 2.8916
Female 1.6655 0.2169 3.2874
Male 0.4151 0.7447 3.2874

ANOVA with repeated measures was used to compare percent change of PI among days of G
exposures for all of the subjects (female group and male group). Table 14 shows that there are no
significant differences among days of G exposure in all groups.
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Figure 16. Percent Change of PI of Female Group and Male Group

When the “between-gender” comparison was analyzed by using a #test, the p-values at each
day of G exposure are 0.2378, 0.1366, 0.5383, and 0.4840.

DISCUSSION

To quantify the accumulative physiological effects of G training on cerebral hemodynamic, this
investigation measured changes in middle cerebral blood flow velocities during the squat-stand
orthostatic test after centrifuge exposure. Convertino and Tripp (13) studied the effects of G on
cardiovascular function and also used the squat-stand test. They found that orthostatic
performance, compliance, cardiac function, and baroreflex function were increased after high G
training. If the high G training is able to enhance baroreflex and orthostatic functions, it seems
that cerebrovascular hemodynamics should be enhanced, too. No significant adaptations in
cerebral blood flow velocities were found after three days of G exposure (total of 5.3 minutes >1

22



G) in this research. It is possible that the cerebrovascular adaptation to G is different from that of
the cardiovascular system. Other factors that should be considered include the number of G
exposure days and a wide individual variation in subjects in this study.

In the female and male comparison, females had higher VMCA than males in both squatting
and standing postures before G exposure (Day 0) and after G exposure (Day 1 and Day 2).
However, female VMCA tended to decrease and become lower than the males’ VMCA in Day 3.
Males’ VMCAs in Days 1 and 2 were slightly lower than in Day 0 and tended to increase in Day
3. None of these changes was significant.

The percent change of VMCA during changing posture from squatting to standing represents
the orthostatic tolerance of the cerebrovascular function. This investigation found that before
exposure to G, females had a higher VMCA than males. It also demonstrated that after exposure
to G, females’ percent VMCA tended to increase as males decreased. Seemingly, male
cerebrovascular function might have an adaptation to the orthostasis after G exposure.
Nevertheless, these results are not statistically significant. The literature shows that there is a
reason to suspect that males and females have lower tolerance to various orthostatic challenges

(13).

Frey et al. (22) found that females experienced greater absolute increases in thoracic impedance
(indicating greater decreases in thoracic fluid volume) with postural change than males. This
agrees with reported data from lower-body negative pressure (LBNP) tests (21) and may indicate
that females experience greater lower-body pooling, especially in non-leg regions, such as the
organs of the abdomen and pelvic region, than the males during orthostatic stress. In two other
studies, one in response to 55 mmHg LBNP (21) and the other in response to the stand test (27),
total peripheral resistance of the males increased more than that of the females. This indicates
that females may have more difficulty adapting to the cardiovascular challenge of high G stress.
Fischer and Weigman (18) showed that females demonstrated lower G tolerance on a centrifuge;
however, they concluded that their results were confounded by the lack of good fitting anti-G
suits for the female subjects. In the study of gender differences in cardiovascular reactivity after
exposure to high G, Convertino and Tripp (13) found that females had lower levels of orthostatic
performance and cardiac function than males. Males may have better cardiovascular and
cerebrovascular adaptation capability than females. Savul (46) studied gender differences in
cerebral and arterial oxygenation after exposure to high G. No physiologically significant
differences were noted between the two genders. Although the orthostatic challenge tests such as
squat-stand, passive head-up tilt, and LBNP and +Gz acceleration exposure, represent effective
techniques for inducing orthostasis, each has distinct characteristics that provide different
information about the cardiovascular system and its reflex mechanisms.

Pulsatility index (PI) was also analyzed in this study. PI, as utilized in transcranial
ultrasonography, is an indicator of vascular resistance. PI increases with arteriolar
vasoconstriction or vasodilation (29, 45). Males had a higher level of percent change of PI than
females, but this difference was not significant, nor were the differences between pre- and post-
training.
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Physiological changes during the orthostatic challenge test can be explained as follows.
Gravitational forces create a head-to-foot hydrostatic pressure gradient within the cardiovascular
system. This hydrostatic gradient causes a redistribution of blood into the compliant veins of the
lower extremities. The subsequent pooling of venous blood results in a cascade of events that
include reduction in central venous pressure which includes sequential reduction in central venous
pressure, end-diastolic volume, stroke volume, and cardiac output (1, 7, 24, 38, 39). Since blood
pressure varies as the product of cardiac output and systemic peripheral resistance,
orthostatically-induced changes in cardiac output at a given peripheral resistance tend to decrease
arterial pressure. Subsequently, this induces a reduction in cerebral perfusion pressure (CPP)
defined as arterial blood pressure minus intracranial pressure, causing the subject’s response to
move to the left along the autoregulation curve. Adequate cerebral blood flow is maintained as
long as CPP does not drop below the lower threshold of autoregulation. The sudden drop that
occurs in blood pressure during changing posture from squatting to standing is reflective of falling
below the lower threshold of cerebral autoregulation. Regardless of the cause of diminished
blood flow to the brain, the physiologic response is to preserve basic functions, such as circulation
and respiration (8). Cerebral perfusion must be optimized in critical areas of the central nervous
system (CNS), such as areas controlling brain stem reflexes. Falling left ventricular output and
blood volume available to the CNS triggers in the brain to provide optional shunting of blood
away from non-life-threatening areas of metabolism to those involved with reflexes established to
ensure the integrity of the body. By reducing blood flow through the cerebral cortex below
threshold, but not through the brain stem, the body is able to optimize reduced blood volume to
the brain stem to sustain life until the hypovolemic state has subsided. It was evident that
behavior of individuals’ autoregulation systems varied widely.

Factors of G exposure that may influence the physiological adaptation to G training include the
level of G, the number of G exposures, and the time between each day of G exposure. Several
animal studies have indicated that there is an adaptation to G stress with frequent exposures to
acceleration forces (11, 12, 14, 19, 50). Vartbaranov et al. (51) showed that it was possible to
achieve a rapid increase in +Gz stress tolerance within a month of initiating an intensive G
exposure schedule. Frazier et al. (20) noted that centrifuge riders felt that they could tolerate G
stress better when they were frequently exposed to G. This was borne out by the heart rate data
of the subjects that suggested there was an adaptation to G stress over a one-week period.
Epperson et al. (17) also noted that the G tolerance increased after multiple exposure to
Simulated Aerial Combat Maneuvers on the human centrifuge over several days. The control
subjects for his experiment also showed improvement, simply due to exposure to repeated G
stress. Gillingham reported from his experience with training centrifuge subjects and from what
pilots know from their experience in high performance aircraft, that pulling G’s three times a
week results in higher G tolerance than does once-a-week exposure, and once-a-week exposure
provides better tolerance than does once-a-month (23). All this evidence implies that there is an
improvement of G tolerance capabilities with repeated exposures to G stress. In this study, the
subjects experienced 5.3 minutes of 2 to 5 G over three days of centrifuge training. No significant
differences in VMCA were found. Mostly likely, the level and number of G exposures used in this
study were not high and long enough to affect the adaptation of cerebrovascular system.
Convertino and Tripp (13) investigated four days of high G exposure (6, 7, 8, 9 +Gz) and found
significant differences in cardiovascular function between before and after training.
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The orthostatic challenge test and the data collection were performed within seven days after
each day of G exposure. It has been reported that loss of G adaptation begins to occur within a
two- to four-week time frame from the last exposure (32, 51). Toth et al. (49) noted that trained
centrifuge subjects began to show signs of deconditioning (increased heart rate) after a 14-day
period of layoff from G stress.

. The squat-stand test used in this study was developed by Tripp (13) as a provocative
orthostatic challenge test for normotensive subjects. The test involves having the subject assume
a squatting position for four minutes followed by rapid standing assuming an erect posture. This
test may elicit several cardiovascular mechanisms including venous pooling during the squatting
phase (as venous return is somewhat attenuated by the articulation of the vasculature). The
immediate compensatory responses due to acceleration forces in the +Gz direction and footward
shift of blood upon standing involves: (1) the rapid adaptation of the smooth muscle of the
arterial and venous vessels above and below the diaphragm to the charged vascular diameter; (2)
autonomic reflexes, particular arterial baroceptors, which provide the indispensable increase in
general vasoconstrictor tone and improved cardiac function; (3) the skeletal muscle pump of the
lower body; (4) neurohormones; and (5) ischemia of the leg muscles. The squat-stand test
induces a higher degree of orthostatic stress than does the stand test because of an additional +Gz
load during posture change from squatting to standing upright and because of an increased venous
pooling to lower extremities due to vasodilation after the effect of muscular ischemia during
squatting. Unlike LBNP, this test does not require complicated instrumentation. Because of its
short testing time and simplicity, the squat-stand test may be a new technique to evaluate the
orthostatic tolerance in G training, G layoff, and even the effect of microgravity.

CONCLUSION

This study establishes a foundation for learning more about the effect of +Gz on the
cerebrovascular system. Even though no significant changes in middle cerebral blood flow
velocity after exposure to repeated G were found, male-female adaptation differences may exist
and should be studied. The data are only suggestive because of the low subject number and
minimal exposure to G >1 (5.3 minutes). Further studies with more subjects, higher G levels, and
more repeated G exposure durations are suggested. Finally, the use of the squat-stand test and
TCD Doppler to measure cerebral blood flow velocity may indeed have promise as an evaluation
tool for G training.
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